Many bacteria exist either as free-swimming planktonic organisms or as matrix-encased microcolonies, called biofilms. Each form of growth permits bacteria to thrive under distinct environmental conditions. However, much less is known about how these modes of growth influence the host innate immune response and thus determine the outcome of the host-pathogen interaction. This likely has important implications for patients with cystic fibrosis (CF) who are chronically infected with biofilm microcolonies of Pseudomonas aeruginosa.
P. aeruginosa is the most significant pathogen in CF, with up to 80% of patients eventually being chronically infected with P. aeruginosa [1] . In essence, lungs of CF patients form a specialized ecological niche exploited by P. aeruginosa. Multiple findings suggest that the chronic P. aeruginosa infections in the CF patients involve biofilms, with the formation of large aggregates of bacteria within the airways [2, 3] . Several aspects of biofilm growth contribute to the persistence of P. aeruginosa and its resistance to antimicrobials and host defenses [4] . Chronic infection leads to neutrophilic inflammation that causes progressive lung tissue destruction.
Detection of pathogens by the innate immune system relies on pattern-recognition receptor families that activate host defense mechanisms. Many of these pattern-recognition receptors converge on common intracellular signaling pathways to drive inflammation [5, 6] . An essential element of host defense against bacterial pathogens activated by many pattern-recognition receptors is the p38α mitogen-activated protein kinase (MAPK) [7] . Interestingly, Caenorhabditis elegans nematodes deficient for pmk-1, a p38 MAPK ortholog, are susceptible to bacterial killing by P. aeruginosa [8] . This highlights the ancient role played by p38α MAPK in regulating host defense against P. aeruginosa.
In this article, we investigated p38α MAPK activation, cytokine synthesis, and neutrophil recruitment in airway epithelial cells (AECs) exposed to planktonic or biofilm P. aeruginosa diffusible material (PsaDM). We hypothesized that the level of p38α MAPK activation by P. aeruginosa correlates with the capacity of AECs to mount a host defense response.
MATERIAL AND METHODS

Materials
BIRB0796 was kindly provided by Professor Sir Philip Cohen (MRC PPU, University of Dundee, United Kingdom). All chemicals were bought from Fisher Scientific (Fair Lawn, NJ). Zeocin, hygromycin, blasticidin, and Normocin were bought from InvivoGen (San Diego, CA).
Antibodies
Neutralizing antibodies against Toll-like receptor 1 (TLR1), TLR2, TLR4, TLR5, and TLR6 were used at 5 µg/mL and purchased from InvivoGen. Other antibodies were purchased from sources previously reported [9] .
P. aeruginosa Strains
Two strains of P. aeruginosa were investigated: the common laboratory strain PAO1 and PACF508, a mucoid clinical isolate [6] . The lasR mutant is a transposon mutant obtained from the PAO1 transposon library [10] . The lasI mutant was constructed by allelic replacement using pSC301 to create an unmarked deletion in lasI from +90 to 572 bp.
PsaDM Preparation
PsaDM from planktonic bacteria was obtained from bacteria grown in peptone or synthetic CF medium (SCFM) [11] as previously described [9, 12] . Biofilm PsaDM was prepared from bacteria grown in peptone or SCFM as follows. Approximately 5 × 10 7 cells in the log phase of growth were used to seed each 9.4-cm 2 well in a polystyrene tissue culture plate (Becton Dickinson). After 3 hours of initial attachment, the medium was removed and replaced with fresh medium, and the attached bacteria were incubated statically at 37°C for an additional 24 hours. The attached cells were scraped off of the plate and combined with the suspension. Bacteria were centrifuged at 2100 × g for 30 minutes, and the supernatant was collected and filtered through a 0.22-µm filter. The total protein level in filtrates was measured by the Bradford method. For 3OC12-HSL rescue, PAO1 wild type and PAO1 lasR or lasI biofilms were grown in 4% peptone as described above, with addition of 50 µM or 100 µM 3OC12-HSL 6 hours before extraction of biofilms. Prior to use, bacterial filtrates were heat inactivated at 95°C for 10 minutes (to inactivate proteases) and allowed to cool to room temperature.
Cell Culture
BEAS-2B, NuLi, and CuFi AECs were cultured as previously described [6] . BEAS-2B transfected with PGL4.28 (nuclear factor κ-light-chain-enhancer of activated B cells [NF-κB] reporter) were cultured in 10% fetal bovine serum with 100 U/mL penicillin G, 100 µg/mL streptomycin, and 200 μg/mL hygromycin. Twenty-four hours prior to stimulation, cells were starved in CnT-BM.1 medium (Cedarlane, Brighton, Canada) without supplements.
Cell Lysis, Immunoblotting, Enzyme-Linked Immunosorbent Assay, Quantitative Reverse Transcription Polymerase Chain Reaction, and Neutrophil Recruitment
These techniques were performed as previously described [9, 13] .
NF-κB Reporter Assay
Following stimulation, cells were washed twice with ice-cold phosphate-buffered saline, and 40 μL of reporter lysis buffer (Promega, Madison, WI) was added per well. After 5 minutes, cells were scraped and collected into a microcentrifuge tube and spun down at 13 000 × g for 3 minutes. A total of 30 μL of supernatant was collected in a new tube and stored at −20°C. 
Ex Vivo Nasal Biopsy Assay
All patients with chronic rhinosinusitis participated voluntarily and signed an informed consent form approved and supervised by the institutional review board. All subjects (age, ≥18 years) had a diagnosis of chronic rhinosinusitis, according to published American Academy of Otolaryngology-Head and Neck Surgery guidelines [14] , and biopsy specimens were obtained as previously described [15] . Surgical biopsy specimens were washed 3 times with ice-cold phosphate-buffered saline before being cut into pieces of equal weight. Each biopsy piece was distributed to one of 6 experimental groups in 12-well tissue culture plates and cultured in 75% Dulbecco's modified Eagle's medium/25% Hanks' buffer solution (100 U/mL penicillin G and 100 µg/mL streptomycin) without serum for 72 hours. Every 24 hours, medium was refreshed. After the 72-hour period, biopsy pieces were left untreated or were pretreated with 0.1 μM BIRB0796 for 1 hour followed by stimulation with 1 μg/mL of planktonic or biofilm PsaDM for 24 hours.
Statistical Analysis
Analyses of variance followed by a multiple comparisons test (the Bonferroni test) were used to test differences in mean values between groups.
RESULTS
Planktonic PsaDM Leads to Greater Activation of p38α MAPK in AECs, Compared With Biofilm PsaDM
To mimic growth conditions relevant to the airways in CF patients, the laboratory strain PAO1 and a mucoid clinical isolate of PA (PACF508) were prepared in planktonic and biofilm cultures, using a SCFM in addition to standard laboratory medium. SCFM mimics the nutritional composition of CF sputum and influences P. aeruginosa intercellular signaling and gene expression in a manner similar to CF sputum [11] . Moreover, in the course of chronic P. aeruginosa infections, AECs most likely interact and respond to diffusible bacterial products rather than through direct contact with live organisms [16] . Therefore, in view of the critical role of p38α MAPK in transmitting signals arising from P. aeruginosa, we investigated its activation in AECs exposed to PsaDM growing in planktonic or biofilm forms. PACF508 planktonic PsaDM led to an approximately 40% greater activation of p38α MAPK as compared to biofilm PsaDM in immortalized bronchial epithelial cells (BEAS-2B; Figure 1A ). Similar results were observed for PAO1 when grown in peptone ( Figure 1B ) but not when grown in SCFM. This is likely explained by the fact that planktonic PAO1 grew poorly in SCFM and formed minimal biofilm in this medium, in contrast to PACF508 ( Figure 1D and Supplementary Figure 1) . To verify that the greater activation of p38α MAPK by planktonic PsaDM was not due to greater bacterial growth, we measured the total protein content of the bacterial filtrates: biofilm and planktonic PsaDM had a similar total protein content (except for PAO1 in SCFM), and peptone yielded slightly higher total protein contents as compared to SCFM ( Figure 1C and 1D) . Moreover, if the differences were solely quantitative, the same maximal level of activation of p38α MAPK should be reached in dose-response curves. This was not the case, as stimulation of BEAS-2B AECs with increasing concentrations of planktonic PsaDM reached a higher plateau than stimulation with biofilm PsaDM ( Figure 1E ). Additionally, the kinetics of p38α MAPK activation further support a greater activation by planktonic PsaDM ( Figure 1F ). Taken together, the results provide evidence of a qualitative, rather than quantitative, difference between planktonic and biofilm PsaDM in activating p38α MAPK. Interestingly, in contrast to p38α MAPK, the activation of the transcription factor NF-κB was induced in a similar fashion by both planktonic and biofilm PsaDM ( Figure 1G ).
To understand the qualitative differences between planktonic and biofilm activation of p38α MAPK in AECs, we compared the bacterial phenotypes and morphology of PAO1 and PACF508, using functional assays and transmission electron microscopy (Supplementary Figure 1) . While both strains were motile by swimming (flagellum mediated), only PAO1 was positive for twitching (type IV pilus mediated) (Supplementary Figure 1H ) and pyocyanin production (Supplementary Figure 1E ). As both strains induced greater p38α MAPK activation when growing in planktonic mode, these exoproducts likely do not explain the differences in p38α MAPK activation by biofilms.
Lipid Rafts Are Essential to p38α MAPK Activation by Planktonic But Not Biofilm PsaDM
CF transmembrance conductance regulator (CFTR) localizes to lipid rafts [17] , cholesterol-enriched plasma membrane microdomains required for TLR-mediated CXCL8 synthesis in epithelial cells [18, 19] . Depletion of cholesterol by the drug methyl-β-cyclodextrin prevented p38α MAPK activation by signals emanating from planktonic but not biofilm PsaDM ( Figure 1H ). These results provide additional evidence that planktonic and biofilm PsaDM induce innate immune signaling by distinct signaling mechanisms.
The lasI/lasR Quorum-Sensing System Is Responsible for p38α MAPK Activation by Biofilm PsaDM
We then investigated which bacterial component(s) could account for the difference in p38α MAPK activation between the planktonic and biofilm PsaDM. Whereas planktonic PsaDM activates p38α MAPK in a TLR-dependent fashion [20] [21] [22] , TLRs are either not involved or have a minor role in biofilm PsaDM-stimulated AECs ( Figure 2A ). This led us to determine the molecule(s) responsible for biofilm-mediated activation of p38α MAPK. Putative candidates are quorumsensing signal molecules that are abundant in biofilms [23, 24] . The P. aeruginosa quorum-sensing molecule N-(3-oxododecanoyl)-L-homoserine lactone (3OC12-HSL) activates p38α MAPK in BEAS-2B AECs in a TLR1/2/4/5/6-independent manner ( Figure 2B and 2C), a result consistent with previous findings in macrophages and epithelial cells [25] [26] [27] [28] . Since PAO1 biofilms act primarily in a TLR-independent manner, we hypothesized that 3OC12-HSL mediates biofilm-induced p38α MAPK activation. In P. aeruginosa, 3OC12-HSL is synthesized by LasI. Thus, we tested biofilm PsaDM from a lasI PAO1 mutant (which is unable to produce 3OC12-HSL) and found that it could not activate p38α MAPK, in contrast to its Figure 1 . Planktonic Pseudomonas aeruginosa diffusible material (PsaDM) leads to greater activation of p38 mitogen-activated protein kinase (MAPK), compared with biofilm PsaDM. A and B, BEAS-2B airway epithelial cells (AECs) were left untreated (−) or treated (+) with 1 µg/mL of planktonic or biofilm PACF508 PsaDM (A) or PAO1 (B) for 30 minutes. Following stimulation, cells were lysed, and 20 µg of Triton-soluble material was subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis. After transfer to nitrocellulose, the membranes were probed with antibodies recognizing only the phosphorylated forms of p38 MAPK or with antibodies that recognize all forms of p38 MAPK. Quantitative analysis of the signals from each antibody was performed using the Li-Cor infrared Odyssey imaging system. C and D, Planktonic and biofilm PACF508 PsaDM (C) or PAO1 (D) were used to assess total protein content, using the Bradford method. White bars represent bacterial cultures grown in synthetic cystic fibrosis medium (SCFM), and black bars represent bacteria cultures grown in peptone media. E, BEAS-2B AECs were exposed to the indicated increasing concentrations of planktonic and biofilm PACF508 PsaDM grown in SCFM for 30 minutes. p38α MAPK activation was determined as in panel A. Black bars represent planktonic PsaDM-stimulated cells, and white bars represent biofilm PsaDM-stimulated cells. F, BEAS-2B cells were exposed to 1 µg/mL planktonic (solid line) or biofilm (dotted line) PACF508 PsaDM grown in SCFM for the indicated times. p38α MAPK activation was determined as in panel A. Foldchange is expressed in relation to untreated samples. G, BEAS-2B stably expressing a nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) reporter were stimulated for 3 hours with 1 µg/mL of planktonic (black) or biofilm (white) PsaDM. Following stimulation, cells were lysed, and the supernatant was used in a luciferase assay to determine NF-κB activity. G, BEAS-2B AECs were left untreated (−) or pretreated for 1 hour without (black bars) or with (white bars) 100 µM methyl-beta-cyclodextrin (MβCD) and then stimulated (+) with 1 µg/mL planktonic or biofilm PACF508 PsaDM grown in SCFM for 30 minutes. p38α MAPK activation was determined as in panel A. The mean values ( ± standard error of the mean) of at least 3 experiments are shown. Statistics were performed using one-way analysis of variance with Bonferroni posttest analysis. *** P ≤ .001, ** P ≤ .01, and * P ≤ .05, compared with control; # P ≤ .05 for comparison between the planktonic and biofilm groups.
wild-type isogenic parent ( Figure 2D ). Although we have shown that 3OC12-HSL can directly activate p38α MAPK in AECs ( Figure 2B ), this quorum-sensing molecule also induces expression of other bacterial products when bound to the transcriptional activator LasR [24] . To address whether 3OC12-HSL activates the p38α MAPK directly or indirectly, we first tested a lasR PAO1 mutant unable to activate the 3OC12-HSL-responsive genes even in the presence of 3OC12-HSL. As p38α MAPK phosphorylation is similarly reduced when AECs are exposed to the lasI and lasR mutant ( Figure 2D ), this suggests that LasR-regulated genes are responsible for activating p38α MAPK. Since LasR regulates lasI expression and 3OC12-HSL is nearly undetectable in the lasR mutant [29, 30] , we cannot rule out that the LasR-regulated Figure 2 . The LasI/LasR quorum-sensing system is responsible for p38 mitogen-activated protein kinase (MAPK) activation by biofilm Pseudomonas aeruginosa diffusible material (PsaDM). A, BEAS-2B were left untreated (−) or pretreated with a combination of 5 µg/mL Toll-like receptor 2 (TLR2), 5 µg/mL TLR4, and 5 µg/mL TLR5 (+) neutralizing antibodies for 30 minutes prior to stimulation with 1 μg/mL of biofilm (white bars) PACF508 material. B, BEAS-2B airway epithelial cells (AECs) were left untreated or pretreated without or with 5 µg/mL neutralizing TLR2, TLR4, or TLR5 antibodies, followed by exposure to 100 µM N-(3-oxododecanoyl)-L-homoserine lactone (3OC12-HSL) for 30 minutes. p38 MAPK activation was determined as in Figure 1A . C, BEAS-2B AECs were left untreated or pretreated without or with 5 µg/mL neutralizing TLR1 or TLR6 antibodies, followed by exposure to 100 µM N-(3-oxododecanoyl)-L-homoserine lactone (3OC12-HSL) for 30 minutes. p38 MAPK activation was determined as in Figure 1A . D, BEAS-2B AECs were treated with biofilm PsaDM from PAO1 wild type, lasI mutant, or lasR mutant that had been left untreated (black bars) or exposed to 50 µM 3OC12-HSL (white bars) for 6 hours prior to extraction. p38 MAPK activation was determined as in Figure 1A . E, PAO1 wild type, lasR mutant, and lasI mutant were grown in the absence (black bars) or presence (white bars) of 50 µM 3OC12-HSL for 24 hours with shaking. Following this, elastase production was measured via an elastase Congo red procedure, with absorbance measured at 490 nm. F, BEAS-2B AECs were treated with planktonic PsaDM from PAO1 wild type, lasI mutant, or lasR mutant all grown in peptone. p38α MAPK activation was determined as in Figure 1A . The mean value ( ± standard error of the mean) of 3 experiments is shown. Statistic analyses were performed using 1-way analysis of variance with Bonferroni posttest analysis. *** P ≤ .001, ** P ≤ .01, and * P ≤ .05, compared with control; # P ≤ .05 for comparison between wild-type and mutant PAO1.
gene responsible for p38α MAPK activation is lasI. If this is the case, exogenous 3OC12-HSL should restore p38α MAPK activation in both the lasI and lasR mutants (but other LasRregulated gene will only be rescued in the lasI but not the lasR mutant). Accordingly, exogenous 3OC12-HSL rescued expression of LasR-controlled elastase in the lasI but not the lasR mutant ( Figure 2E ). Most importantly, exogenous 3OC12-HSL restored p38α MAPK activation in the lasI but not the lasR mutant ( Figure 2D ), suggesting that 3OC12-HSL alone is not sufficient for p38α MAPK activation by biofilm PsaDM. No significant differences in p38α MAPK activation were observed from planktonic PsaDM derived from both of these mutant strains ( Figure 2F ). Taken together, these results show that although 3OC12-HSL can directly activate p38α MAPK, in P. aeruginosa biofilms other genes regulated through the P. aeruginosa LasR transcriptional regulator are key to p38α MAPK activation.
Planktonic But Not Biofilm PsaDM Triggers Neutrophil Recruitment in a p38α MAPK-Dependent Manner
Neutrophils are characteristic of chronic CF inflamed airways and are recruited to sites of inflammation in response to various environmental cues, including the presence of CXCL8 and interleukin 6 (IL-6) [31, 32] . p38α MAPK was shown to play a role in the synthesis of both cytokines at transcriptional and posttranscriptional levels in epithelial cells [33] . Stimulation of BEAS-2B cells with PACF508 planktonic PsaDM led to a greater increase of IL-6 and CXCL8 than biofilm PsaDM ( Figure 3A and 3B) . No significant upregulation of other inflammatory mediators, such as granulocyte macrophage colony-stimulating factor, LTα, GROα, and RANTES, was detected by either planktonic or biofilm PsaDM stimulation of BEAS-2B AECs (Supplementary Figure 2) .
To determine whether the stimulation of BEAS-2B AECs by planktonic and biofilm PsaDM was sufficient to provide Figure 3 . Planktonic but not biofilm Pseudomonas aeruginosa diffusible material (PsaDM) triggers neutrophil recruitment in a p38 mitogen-activated protein kinase (MAPK)-dependent manner. A and B, BEAS-2B airway epithelial cells (AECs) were left untreated or pretreated with increasing concentrations of the p38 MAPK selective inhibitor BIRB0796 for 1 hour before exposure to 1 µg/mL planktonic or biofilm PACF508 PsaDM grown in synthetic cystic fibrosis medium (SCFM) for 6 hours. After stimulation, the culture medium was collected, and the abundance of interleukin 6 (IL-6; A) or CXCL8 (B) was determined by enzyme-linked immunosorbent assay. C, BEAS-2B AECs were left untreated or pretreated with increasing concentrations of the p38α MAPK inhibitor BIRB0796 for 1 hour before exposure to 1 µg/mL planktonic or biofilm PACF508 PsaDM grown in SCFM for 2 hours. Following this treatment, medium was removed, cells were washed, and serum-free medium was added for an additional 24 hours. This medium was then collected and used in a neutrophil recruitment assay. The results are expressed as the numbers of neutrophils recruited in response to stimulation, compared with the unstimulated condition. D, BEAS 2-B AECs were left untreated or treated with various concentrations of BIRB0796 for 1 hour prior to stimulation with 1 μg/mL of planktonic PACF508 PsaDM for 30 minutes. p38α MAPK activation was determined as in Figure 1A . The mean value ( ± standard error of the mean) of 3 experiments is shown. Statistical analyses were performed using 1-way analysis of variance with Bonferroni posttest analysis. *** P ≤ .001, ** P ≤ .01, and * P ≤ .05, compared with control; # P ≤ .05 for comparison of planktonic with biofilm groups.
important cues for neutrophil recruitment, cell culture medium from PsaDM exposed BEAS-2B AECs was assayed for its capacity to drive neutrophil migration. Exposure of BEAS-2B AECs to planktonic but not biofilm PsaDM led to a significant increase (>2-fold) in migrating neutrophils ( Figure 3C ). Therefore, in BEAS-2B AECs, the level of p38α MAPK activation and cytokine synthesis in response to biofilm PsaDM is not sufficiently high to elicit an inflammatory response, in contrast to the level in response to planktonic PsaDM, which reaches a required threshold for neutrophil recruitment.
To support the notion of a required threshold of activation of p38α MAPK, we decreased its activation in planktonic PsaDM-stimulated BEAS-2B AECs, using a relatively selective inhibitor of p38α MAPK, BIRB0796 [34] . The reported half maximal inhibitory concentration (IC 50 ) of BIRB0796 toward p38α MAPK is 40-70 nM [34] , which is in accordance with the values we determined (50-75 nM; Figure 3D and Supplementary Figure 3 ). Using suboptimal doses (<100 nM) of BIRB0796, we found a dose-dependent inhibition of IL-6 and CXCL8, with respective IC 50 values of 45 nM and 10 nM ( Figure 3A and 3B) . Interestingly, the IC 50 for neutrophil recruitment was 10 times lower (1 nM; Figure 3C ). Therefore, while a relatively linear relationship exists between p38α MAPK activation and IL-6 and CXCL8 synthesis, a certain level of p38α MAPK activation (10%-40% of maximal planktonic PsaDM stimulation, based on data presented in Figure 1A and 3C) is required for neutrophil recruitment. . Planktonic Pseudomonas aeruginosa diffusible material (PsaDM) leads to greater cytokine synthesis and neutrophil recruitment than biofilm PsaDM in nasal biopsy specimens. Ex vivo nasal biopsy specimens were left untreated (black bars) or pretreated (white bars) with 0.1 µM BIRB0796 for 1 hour prior to exposure to 1 µg/mL planktonic or biofilm PACF508 PsaDM grown in synthetic cystic fibrosis medium for 24 hours. After stimulation, the culture medium was collected to determine the abundance of interleukin 6 (IL-6; A) or CXCL8 (B) by enzyme-linked immunosorbent assay. RNA was also extracted from the tissue, and the messenger RNA (mRNA) abundance of IL-6 (C) or CXCL8 (D) was measured by quantitative reverse transcription polymerase chain reaction. Alternatively, the medium was used in a neutrophil recruitment assay (E). For panels A and B, the mean value (±SD) of 15 samples is shown for each condition. The data were analyzed using nonparametric methods (the Friedman analysis), followed by the Dunn multiple comparisons tests. For panels C-E, the mean values ( ± standard error of the mean) of 3 samples for each condition are shown. Analysis was performed using 1-way analysis of variance, followed by a t test with the Bonferroni correction. *** P ≤ .001, ** P ≤ .01, and * P ≤ .05, compared with untreated condition; # P ≤ .05 for comparison of planktonic and biofilm groups.
Planktonic PsaDM Leads to Greater Cytokine Synthesis and Neutrophil Recruitment Than Biofilm PsaDM in Nasal Biopsy Explants
To support our finding that planktonic PsaDM leads to greater neutrophil recruitment than biofilm PsaDM, we used an ex vivo model of nasal polyps surgically removed from patients with chronic rhinosinusitis. Stimulation of the biopsy specimens with planktonic PACF508 PsaDM led to a greater increase of IL-6 and CXCL8 than stimulation with biofilm PsaDM (Figure 4A-D) . Accordingly, exposure of the explants to planktonic PsaDM led to greater neutrophil recruitment than exposure to biofilm PsaDM ( Figure 4E ). Cytokine synthesis and neutrophil recruitment induced by planktonic PsaDM were sensitive to p38α MAPK inhibition by BIRB0796 ( Figure 4A-E) . Therefore, planktonic PsaDM leads to greater activation of host defense mechanisms in a p38α MAPKdependent manner, compared with biofilm PsaDM, in ex vivo nasal biopsy specimens.
Biofilm PsaDM Elicits Neutrophil Recruitment in CFTRΔF508 AECs Because of Their Hypersensitivity to Injurious Stimuli
The results presented so far suggest that although biofilm PsaDM elicits p38α MAPK activation and cytokine synthesis, the levels are too low to fully induce host defense mechanisms. However, we have recently reported that AECs expressing the most common mutation found in CF patients, CFTRΔF508, are hypersensitive to external injurious stimuli [9, 21] . Therefore, we hypothesized that CFTRΔF508 AECs will reach a p38α MAPK activation threshold at lower concentrations of injurious stimuli, or conversely, will have greater activation in response to the same concentration of bacterial ligands than their non-CF counterparts. Consistent with our earlier report [9] , p38α MAPK activation was greater in CFTRΔF508 AECs, compared with non-CF AECs, in response to both planktonic PsaDM (2.7 times higher) and biofilm PsaDM (2.1 times higher; Figure 5A ). In fact, biofilm-mediated p38α MAPK activation in CFTRΔF508 AECs was greater than planktonicmediated p38α MAPK activation in non-CF AECs ( Figure 5A ). Similar results were obtained when PsaDM was prepared from PAO1 grown in peptone ( Figure 5B ). In accordance with our previous results (Figure 2) , biofilm PsaDM-mediated p38α activation occurs through a lasR-dependent gene distinct from lasI ( Figure 5C ).
IL-6 and CXCL8 synthesis was greater in the CFTRΔF508 AECs than in their non-CF counterparts in response to both planktonic and biofilm PsaDM ( Figure 6A and 6B) . In Figure 1A . C, NuLi (non-CF; white bars) or CuFi (CF; black bars) were treated with biofilm PsaDM from PAO1 wild type, lasI mutant, or lasR mutant and assessed for p38α MAPK activation. PAO1 (wt) or mutants were all grown in peptone. p38 MAPK activation was determined as in Figure 1A . The mean value ( ± standard error of the mean) of 3 experiments is shown. Statistical analyses were performed using 1-way analysis of variance with Bonferroni posttest analysis. *** P ≤ .001 or ** P ≤ .01, compared with control; all cases, cytokine synthesis was significantly decreased when p38α MAPK activation was inhibited with BIRB0796 ( Figure 6A and 6B). Accordingly, planktonic PsaDM stimulation led to greater neutrophil recruitment by CFTRΔF508 AECs than by non-CF AECs ( Figure 6C ). Importantly, in contrast to BEAS-2B and non-CF AECs, biofilm PsaDM stimulation was strong enough to trigger an increase in neutrophil recruitment in CFTRΔF508 AECs, which is p38α MAPK dependent ( Figure 6C ).
DISCUSSION
Lungs of CF patients are a specialized ecological niche for P. aeruginosa biofilms. In this article, we asked if it matters to AECs whether they encounter bacteria-derived products from planktonic or biofilm microcolonies of P. aeruginosa, since many bacteria form biofilms to evade adverse environmental conditions. We report 4 main findings: (1) there exists a threshold of p38α MAPK activation required to trigger host defense mechanisms, (2) planktonic PsaDM induces a stronger p38α MAPK activation as compared to biofilm PsaDM, (3) biofilm PsaDM activates p38α MAPK via the product of the lasR gene distinct from lasI, and (4) in AECs that do not express functional CFTR, the threshold of p38α MAPK activity required to recruit neutrophils is lower than that for their non-CF counterparts.
The relationship between p38α MAPK and host defense mechanisms against pathogens is ancient and is found in organisms ranging from nematodes to humans [8, 35, 36] . Moreover, a number of pathogens have devised immune evasion mechanisms by targeting this pathway [37] [38] [39] [40] . On the basis of our results, we propose that the switch from planktonic to biofilm growth is another strategy to decrease activation of p38α MAPK and the initiation of host defense mechanisms. Although biofilm-derived material does activate p38α MAPK activation, functionally this is not sufficient to recruit neutrophils in our in vitro assay. Therefore, a threshold of p38α MAPK activation exists that has to be overcome in order to Figure 6 . Biofilm Pseudomonas aeruginosa diffusible material (PsaDM) elicits neutrophil recruitment in CFTRΔF508 airway epithelial cells (AECs). A and B, NuLi (non-cystic fibrosis [CF]; white bars) or CuFi (CF; black bars) AECs were left untreated or pretreated without or with 0.1 µM BIRB0796 for 1 hour before exposure to 1 µg/mL planktonic or biofilm PACF508 PsaDM grown in synthetic CF medium (SCFM) for 6 hours. After stimulation, the culture medium was collected, and the abundance of interleukin 6 (IL-6; A) or CXCL8 (B) was determined by enzyme-linked immunosorbent assay. C and D, NuLi (non-CF; white bars) or CuFi (CF; black bars) AECs were pretreated for 1 hour with or without 0.1 µM BIRB0796, followed by stimulation with 1 µg of planktonic or biofilm PACF508 PsaDM grown in SCFM for 2 hours. Following this treatment, medium was removed, cells were washed, and serum-free medium was added for an additional 24 hours. This medium was then collected and used in a neutrophil recruitment assay (C) or the abundance of IL-6 determined by enzyme-linked immunosorbent assay (D). *** P ≤ .001, ** P ≤ .01, and * P ≤ .05, compared with untreated NuLi cells; & P > .05 compared to the presence of BIRB0796; # P ≤ .05 for comparison between planktonic and biofilm groups, by 2-way analysis of variance, followed by a t test with the Bonferroni correction posttest. Fold-changes were calculated with respect to the untreated NuLi control.
engage host responses. This threshold is influenced by both extrinsic factors (ie, signals emanating from the environment, such as planktonic or biofilm-derived material) and intrinsic factors (ie, signals in the cellular context, such as CF AECs vs non-CF AECs) that determine the p38α MAPK pathway's sensitivity to stimulation.
Previous work has shown that TLR5 is a major activator of p38α MAPK in response to planktonic P. aeruginosa [22] . Moreover, we have recently reported that the switch to a mucoid phenotype by planktonic P. aeruginosa engages host responses through TLR2 in addition to TLR5 [20] . Whether TLR2 act as a homodimer or a heterodimer with TLR1 or TLR6 is unknown. In contrast to planktonic PsaDM, we report here that biofilm PsaDM activates p38α MAPK in a TLR-independent fashion via the lasI/lasR quorum-sensing system. Previous findings have shown that the 3OC12-HSL signal can trigger inflammation directly, an observation that our data support [25] [26] [27] [28] . However, in the context of P. aeruginosa biofilms, genes regulated through the LasR transcriptional activator are more important to p38α MAPK activation than 3OC12-HSL direct stimulation. This is an important finding of our study, as it means that other biofilm-derived virulence factors act on AECs to activate p38α MAPK. While biofilm PsaDM does activate p38α MAPK, the planktonic PsaDM, signaling through TLR5/TLR2 found in lipid rafts, induces greater p38α MAPK activation than is required to trigger neutrophil recruitment. Our results support the model of a switch from planktonic to biofilm growth that is accompanied by loss of the flagellum [41] , a strong inducer of p38α MAPK activation and innate immune responses in AECs (Figure 7) .
In CF, a "hyper-inflammatory" phenotype exists [42] , resulting in increased MAPK activation [9, 21] and increased synthesis of proinflammatory cytokines [43] [44] [45] [46] [47] . Therefore, in CF, biofilms activate p38α MAPK earlier to trigger neutrophilic inflammation. Contrary to what is postulated to occur in non-CF cells, biofilm PsaDM is now considered "virulent" enough to induce a response by the epithelium, which would be a contributor to lung tissue destruction.
Although blocking the p38α MAPK activity can decrease neutrophil recruitment that is induced by planktonic PsaDM in in vitro and ex vivo nasal biopsy specimens, and while it has been previously shown to control lipopolysaccharideinduced mucosal inflammation in ex vivo nasal biopsy specimens from CF patients [48] , its complete inhibition may not be a successful strategy because of the numerous functions it Figure 7 . The level of p38α mitogen-activated protein kinase (MAPK) activation in airway epithelial cells determines the onset of innate immune responses to planktonic and biofilm microcolonies of Pseudomonas aeruginosa. P. aeruginosa can be found in the airways growing as a planktonic organism or as part of organized microcolonies called biofilms. Planktonic P. aeruginosa diffusible material (PsaDM) induced stronger p38α MAPK activation as compared to biofilm PsaDM, via Toll-like receptor 5 (TLR5) and TLR2 found in lipid rafts. The involvement of TLR2 is associated with mucoid strains of P. aeruginosa. In contrast, biofilm PsaDM activates p38α MAPK in a TLR-independent fashion via the lasI/lasR quorum-sensing system, but this activation is insufficient to recruit neutrophils.
regulates [7, 49] . Moreover, since innate immune mechanisms do have protective functions against pathogens, particularly in the setting of chronic bacterial infections, immunosuppressive therapies have a narrow window of opportunity to reduce damaging inflammation without risking overwhelming infections. An alternative strategy may be to target suboptimal inhibition of p38α MAPK (as little as 10% may be sufficient), which would decrease neutrophil recruitment without completely impairing host defense mechanisms.
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